There are two functionally different alleles of the Helicobacter pylori vacA gene, which code for proteins with different in target cell specificity. The alleles (m1 and m2) differ by approximately 50% in amino acid sequence in a 300 amino acid region, the m-region, which determines specificity. An analysis of partial likelihood anomalies in a set of eight Chinese and six Western vacA genes revealed highly significant phylogenetic deviation of a region of the gene including the m-region. Phylogenetic analysis of the conserved regions of these genes failed to reveal any distinction between m1 alleles and m2 alleles, however clear cut geographic variation was observed. In the m-region, the m1 alleles also show separate clustering of Chinese and Western isolates, however the m-region of the m2 alleles has a phylogenetic structure markedly different from the rest of the gene. The data indicate that the m2 m-region was acquired and spread through the population by horizontal transfer of DNA. ß
Introduction
The human gastric pathogen, Helicobacter pylori, causes chronic gastritis and peptic ulcer and is associated with increased risk of gastric cancer [1, 2] . A major virulence factor produced by the bacteria is the vacuolating cytotoxin, VacA, which causes vacuolar degeneration of target cells in vitro and gastric epithelial erosion in vivo [3] . VacA is produced as a 140 kDa precursor polypeptide [4] . The carboxy-terminal 45 kDa of the precursor has autotransporter activity and is cleaved from the protein after translocation across the outer-membrane [4, 5] . The toxin is released from the bacteria as a high molecular mass oligomeric protein consisting of several copies of an approximately 95 kDa polypeptide [6, 7] . Each monomer is further structured in two distinct subunits of approximately 37 kDa and 58 kDa (Fig. 1) . The 37 kDa subunit contains the functional vacuolating activity [8] and the 58 kDa subunit is responsible for receptor binding and interaction with the target cells [9] .
There are two forms of VacA, called m1 and m2 [6, 10] , which di¡er in their capacity to bind target cells [11] . The m2 form fails to bind and hence to intoxicate HeLa cells but is fully active if expressed intracellularly by DNA transfection. Both forms bind and intoxicate a rabbit kidney cell line RK13 and primary cells from human gastric biopsies. The region of the protein which de¢nes target cell speci¢city is within a region of about 300 amino acids in the 58 kDa subunit which di¡ers by about 50% in amino acid sequence between the two forms of the protein [12] . In contrast, the two forms share greater than 90% amino acid sequence identity in the rest of the protein. An understanding of the origin of this functional polymorphism might shed light on the evolution of virulence in H. pylori.
Previous studies of several genes from H. pylori have failed to reveal any strong phylogenetic structure [13] although week clonality was detected in some Asian strains [14] and di¡erences were detected between European and Asian populations in The Netherlands [15] . It has been suggested that the lack of detectable structure is due to frequent recombination in H. pylori [13] .
Materials and methods

H. pylori isolates
H. pylori single colony isolates were obtained from dyspeptic patients undergoing upper gastrointestinal endoscopy at the Changhai Hospital, Shanghai, China. Cultures were prepared as previously described [16] . Western isolates with previously published vacA gene sequence were obtained from the respective authors.
Genomic DNA isolation and DNA sequencing
Genomic DNA extraction was as described previously [17] . On the basis of published NCTC 11638 and 95-54 gene sequences [4, 11] , oligonucleotides were synthesized to amplify the vacA genes in three overlapping segments. The PCR products were directly sequenced using an ABI PRISM dye terminator cycle sequencing ready reaction kit with Amplitaq DNA polymerase in an automatic DNA sequencer model 373A, Applied Biosystems, USA. GenBank accession numbers for the determined sequences are given in Table 1 .
Phylogenetic analysis
Phylogenetic analysis was conducted using the program PAUP* [18] . The maximum likelihood (ML) approach was used following the procedure proposed in Swo¡ord et al. [19] , as outlined in Frati et al. [20] and Sullivan et al. [21] . The best model of evolution was determined by using the likelihood ratio test [22] on a set of initial trees. Heuristic searches were then run, optimizing model parameters during the run. Statistical con¢dence of the nodes was assessed with bootstrap analysis by running 100 replicates with the parameters ¢xed at those estimated during the search. The ratio between the number of non-synonymous (d N ) and synonymous (d S ) substitutions was estimated using the Nei and Gojobori [23] method as implemented in MEGA version 2.0 [24] . The program Plato [25] was used to detect recombination by assessing regions of likelihood anomalies across the whole gene.
Results
H. pylori was cultured from gastric biopsies from 20 patients from the Shanghai region in China and DNA was prepared from single colonies. Partial sequence analysis of the m-region revealed that 15 of the patients were infected with m2 bearing strains and ¢ve with m1 bearing strains. The nucleotide sequence of the entire vacA gene from eight representative strains from China (four m1 and four m2) was determined. The deduced amino acid sequences were compared with four previously published sequences of vacA m1 alleles and two m2 alleles from Western isolates. The sequence comparison permitted a more precise localization of the m-region. The ¢rst di¡er-ence, consistent in all strains, between m1 and m2 forms is found at amino acid 501 of the reference strain NCTC 11638 which is Arg in all m1 alleles and Lys in all m2 alleles. The last consistent di¡erence between m1 and m2 forms is at amino acid 834 of NTCT 11638 which is Gly in the m1 forms and Asn in the m2 forms. This latter position is about 30 amino acids upstream of the cleavage point between the mature toxin and the outer-membrane exporter domain [26] . Within this region, 45% (151/334) of the amino acid positions vary in at least one of the genes sequenced and of these, 59 positions (39%) are identical within each m-type. It is hence likely that the functional di¡erence between m1 and m2 forms resides in these consistent di¡erences in amino acid sequence.
In contrast, in the conserved regions coding for the p37 subunit and the putative outer-membrane exporter, no consistent di¡erences were observed between m1 and m2 alleles, however, Chinese isolates were more similar to each other than to isolates from Western countries. In the exporter region, of a total of 67 positions of variability in the deduced amino acid sequences, 15 are consistently di¡erent between the Chinese and Western isolates. The above observations indicate di¡erent phylogenetic structure between the conserved regions of the gene and the allelic m-region. To assess this, partial likelihood anomalies were determined within the DNA sequence using the program Plato [25] which uses a sliding window to identify regions within an alignment which do not ¢t with a global phylogenetic hypothesis. The initial phylogeny was determined using maximum likelihood and the general time-reversible model [27] 
were detected when the m1 sequences were analyzed independently of the m2 sequences suggesting that the anomalies arise due to phylogenetic di¡erences between m1 and m2 forms.
To con¢rm this, ML analysis was performed on the three regions 1^180, 881^2769 and 2770^4032 of the gene independently. Fig. 2 shows the topologies obtained and the bootstrap support for the major nodes. Both the non-allelic 1^880 region ( Fig. 2A) and the 2769^4032 region (Fig. 2C) show clear division into Chinese and Western clades with no evidence of separation of m1 and m2 types. In marked contrast, the major distinction in the topology of the 881^2769 region is a clear separation between m1 and m2 types (Fig. 2B) . However, there is reasonably strong bootstrap support for independent clustering of Chinese and Western sequences within both the m1 and m2 clades. Hence, the topology of this central region, which essentially encompasses the p58 subunit, indicates that there are four independent clusters of genes in the sample (Chinese m1, Western m1, Chinese m2 and Western m2).
We were surprised that the anomalous region identi¢ed by Plato is larger than the m-region in the protein which can be clearly identi¢ed on the basis of the amino acid sequence comparison (see above). In fact, the anomalous region ends very close to end of the m-region but begins approximately 180 amino acids upstream of the ¢rst consistent amino acid di¡erence between m1 and m2 forms. To analyze the anomalous region in more detail, the ML topology for the region 881^1539 corresponding to the region upstream of the start of the m-region was compared with topologies for the regions 1540^2058 and 2059^2769 corresponding to the m-region in two parts. The reason for this latter split was on the one hand to create regions of approximately similar length and on the other because some strains have been identi¢ed which appear to have hybrid m1/m2 genes [28, 12] with breakpoints around a short conserved region near the center of the m-region. As can be seen from Fig. 3A , the topology of the ¢rst region, like that of the conserved p37 and export regions, shows a major split between Chinese and Western genes (bootstrap support, 100%). In contrast, both halves of the m-region (Fig. 3B and C) split clearly into m1 and m2 forms (bootstrap support, 100%). Interestingly, the m1 genes split into Chinese and Western clusters in both halves of the m-region. Thus the topologies of all regions tested in the m1 genes showed the same clustering of Chinese genes separately from Western genes. These data indicate that the m1 form of the gene has existed since before the separation of the Chinese and Western populations of H. pylori.
In contrast, the topologies obtained for the two halves of the m-region of the m2 alleles were strikingly di¡erent. The 3P half of the m-region of the m2 alleles is highly conserved and showed no geographic separation (Fig.  3C) . ML analysis of a short 282 bp (2064^2346) sequence within this region from a total of 15 Chinese isolates con¢rmed the lack of any geographic clustering (data not shown). In the 5P half of the m-region the Western m2 alleles clustered together with 100% bootstrap support. Clustering of the Western genes separate from the majority of the Chinese genes was con¢rmed by ML analysis of a short region of 174 bp (1540^1714) in this region from 15 Chinese isolates (data not shown). However this analysis revealed three Chinese genes which clustered with the Western sequences (bootstrap support 71%). Thus, although the 3P half of the m2 m-region is highly conserved and shows no geographic clustering, two distinct 5P groups can be detected which are not strictly clustered along geographic lines in that one group contains both Western and Chinese genes and the other Chinese genes only. These two groups code for substantially di¡erent amino acid sequences in this region. There are in fact about 17% positions which are identical within each group but di¡erent between the groups.
In order to test whether positive selection on the di¡er-ent regions of the gene contributed to the di¡erence in phylogenetic histories, we estimated the ratio between non-synonymous and synonymous substitutions (d N /d S ) in the whole gene and in the selected subregions of the gene. In the case of positive selection we would expect this ratio to be s 1.0, while if only purifying selection is acting, the ratio should be much less than 1.0 as purifying selection will constrain non-synonymous sites at a much greater extent than the neutral or nearly neutral synonymous sites. The d N /d S ratio averaged across all pairwise comparisons of the complete sequences was 0.336 þ 0.111. Similar average values were calculated for all the subsets examined (1^880, 880^2769, 2770^4032, 880^1539, 15402 058, 2059^2769), the highest value (0.509 þ 0.213) being found in the 1540^2058 region. These data suggest that positive selection does not contribute signi¢cantly to the evolution of this gene, nor can it explain the apparent discrepancies in the phylogenetic history of di¡erent gene regions.
Discussion
The sequence variation in the conserved regions of the vacA gene indicates that the Chinese isolates form a consistent evolutionary group quite separate from Western isolates, although there is little or no support for any topology within the groups. Given the free recombination in H. pylori demonstrated by homoplasmy analysis [13] , it is perhaps not surprising that a strong phylogenetic signal is only detectable between populations which have been geographically separate for a considerable time. The data presented indicate that while the m-region of m1 alleles has an evolutionary topology similar to the conserved regions of the genes, the m-region of m2 alleles has an evolutionary history independent of the rest of the gene and strongly suggests that the m2 m-region has spread after the separation of Chinese and Western strains. Furthermore, there is a clear contrast between the di¡erences in the 5P m-region and the lack of divergence of the 3P m-region of all m2 alleles which suggests that these two regions of the m2 m-region have evolved independently (shown schematically in Fig. 4) . In support of this, Pan et al. [28] have recently described clinical isolates with chimeric m1/m2 vacA genes in which the breakpoint between the two forms is very close to the point at which the two m2 alleles converge. Furthermore, Ji et al. [12] have demonstrated that the sequences which determine cell speci¢c toxicity are limited to the 5P half of the m-region. Whereas di¡erent rates of evolution in di¡erent regions of the same gene might be expected, dramatically di¡erent patterns of evolution between di¡erent regions of the same set of genes are best explained by recombination. Hence it is likely that the mosaicism in the vacA gene is maintained in the population by genetic recombination and since there is a single copy of the vacA gene in H. pylori this implies horizontal transfer of DNA.
The high incidence of the m2 allele in the Chinese population may indicate that it was ¢rst acquired in this population and subsequently spread to Western populations. Alternatively, the m2 allele may have a selective advantage in the Chinese population due to human polymorphism. The two isoforms of the protein have distinct functional di¡erences in cell binding indicating di¡erences in cell surface receptors for the two forms (Pagliaccia et al. [11] ). It is tempting to speculate that there may be polymorphism in the expression of these receptors in di¡erent populations. In this context, the higher variability observed in the allelic m-region may be related to the ability to provide the cytotoxin with di¡erent variants to respond to polymorphism of the receptors of the host.
